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Summary
Background: Although patients with heart disease sometimes complain of short-
ness of breath with rapid and shallow ventilation, its precise characteristics are
unclear. We evaluated the relationship between exercise tolerance and the degree
of rapidness and shallowness of breathing during exercise.
Methods and results: Thirty-eight heart disease patients with shortness of breath
during daily activity underwent pulmonary function test and cardiopulmonary exer-
cise testing on the same day. Regression line relating tidal volume to respiratory rate
(TV/RR slope) during a ramp protocol below the inﬂection point was regarded as an
indicator of rapid ventilation. Tidal volume after the inﬂection point was regarded
as an indicator of shallow ventilation (TV at plateau). TV/RR slope showed weak
but signiﬁcant positive correlation with anaerobic threshold (r = 0.317) and peak
V˙O2 (r = 0.302). With V˙E vs. V˙CO2 slope, it was negatively correlated (r =−0.528).
TV at plateau was strongly correlated with inspiratory capacity (r = 0.641). It also
showed strong correlation with anaerobic threshold (r = 0.594), peak V˙O2 (r = 0.550),
and V˙E vs. V˙CO2 slope (r =−0.390). There was positive correlation between TV/RR
slope and TV at plateau (r = 0.647).
Conclusions: It is suggested that both rapid breathing and shallow breathing are
related to impaired exercise tolerance. Shallow breathing is partly determined by
the ability of chest expansion.
© 2008 Japanese College of Cardiology. Published by Elsevier Ireland Ltd. All rights
reserved.
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Introduction
Although minute ventilation (V˙E) increases linearly
as work rate increases during a ramp exercise, an
increasing pattern of tidal volume (TV) and respi-
ratory rate (RR) is quite unique. Normally, below
moderate work intensity during an incremental
exercise test, increase of V˙E mostly consists of
TV augmentation, while near the peak exercise,
increase of RR becomes a main factor to multiply
the V˙E.
This ventilation pattern can be clariﬁed by plot-
ting TV as a function of RR during cardiopulmonary
exercise testing using a ramp protocol [1,2]. As
shown in Fig. 1, most of the TV vs. RR relationship
is illustrated as an angled line. Below the inﬂection
point, TV vs. RR relationship increases linearly in
most cases, and the steepness of this line is an
indicator of rapidness of ventilation. This slope
is called the TV/RR slope [1]. The TV after the
inﬂection point is an indicator of shallowness
of ventilation. Therefore, we can quantify the
rapidness and shallowness of ventilation using this
plot during a ramp exercise.
In patients with chronic heart failure, a rapid
and shallow ventilation mode is often investi-
gated [3]. Since the ratio of anatomic dead space
becomes greater and greater as the ventilation
mode becomes shallower, shallow breathing is
assumed to lead to deteriorated gas exchange.
Namely, the extent of abnormal ventilation pattern
Figure 1 Examples of TV vs. RR relationship. Almost normal
vs. RR relationship. Left panel is from case 31. Although this p
is preserved. His RR vs. TV relationship seems to be normal. R
is impaired, and TV/RR slope is shallow and TV at plateau is l
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s assumed to relate with the degree of exer-
ise intolerance. This phenomenon is supposed to
ccur not only in heart failure subjects. However,
he relationship between TV/RR slope and exercise
olerance in heart disease patients has not been
ell studied. Also, a relationship between ability
f chest expansion at rest and exercise tolerance
s unknown. Therefore, we planned to evaluate
he relationship between exercise tolerance and
hallowness and rapidness of ventilation in heart
isease patients.
ethods
tudy populations
e studied 38 heart disease patients whose chief
omplaint was shortness of breath during their
aily activity [ischemic heart disease 7, hyperten-
ion/hypertensive heart disease 21, arrhythmias
sick sinus syndrome, atrial ﬁbrillation, etc.) 9, s/p
ABG 3, s/p AVR 1, and valvular heart disease 3,
able 1]. The degree of shortness of breath varied
ince it was not diagnosed by pulmonary function
est but by subjects’ complaint, although six sub-
ects had obstructive pattern on their pulmonarypattern and rapid and shallow breathing pattern of TV
atient shows severely impaired EF, his exercise tolerance
ight panel is a sample of case 2. Her exercise tolerance
ow.
unction test.
They underwent pulmonary function test and
ardiopulmonary exercise testing using a ramp pro-
ocol on a cycle ergometer on the same day.
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Table 1 Patients’ characteristics
Case Diagnosis Age (y.o.) Sex BMI EF (%) AT (mL/min/kg) % Peak VO2
(mL/min/kg)
% V˙E/V˙O2 %VC FEV1.0 (%) IC (L) TV at plateau
(L)
TV/RR
slope
1 HHD 75 F 29.5 47 15.5 92 25.8 88.3 29.5 82.7 79.4 1.24 1.046 13.8
2 HHD 72 F 24.1 31 9.3 76 15.4 70.0 39.6 90.1 66.8 1.70 0.731 8.1
3 s/p CABG 63 M 23.1 46 12.0 77 19.8 86.7 30.4 106.0 77.8 2.70 1.431 203.0
4 s/p AVR 66 M 21.4 74 14.9 91 24.1 90.0 31.0 89.6 70.6 2.11 1.167 42.9
5 OMI 49 M 25.6 31 17.5 107 28.2 146.7 24.5 104.9 73.7 3.01 1.829 139.0
6 HT 78 M 24.1 51 15.1 93 24.2 85.0 31.5 74.5 95.1 2.30 1.287 94.2
7 OMI 76 M 21.0 28 15.7 95 26.2 91.7 31.8 104.4 67.7 1.89 1.251 89.0
8 HHD 56 F 22.6 31 12.6 78 20.2 61.7 32.9 99.1 86.0 2.12 0.954 14.0
9 HHD 57 M 24.5 37 17.5 108 28.9 146.7 25.4 134.7 74.9 3.73 1.585 316.0
10 MVP 28 F 16.6 53 18.7 117 30.2 100.0 26.6 94.2 98.2 1.96 1.138 35.7
11 OMI 70 F 24.0 30 15.9 95 26.5 73.3 34.5 144.2 74.2 2.27 0.887 54.7
12 ASD, AFib 62 F 17.7 44 13.8 83 23.5 63.3 29.1 92.1 78.5 1.12 0.878 20.2
13 HHD 80 M 31.3 31 13.7 83 23.6 66.7 33.2 72.4 78.3 1.22 1.241 163.0
14 HHD 70 F 22.9 38 16.4 105 27.0 76.7 24.8 68.2 73.5 1.15 0.772 24.7
15 HT 58 F 20.5 54 16.1 101 26.5 100.0 21.3 132.1 71.4 1.92 1.246 109.0
16 HHD 61 F 32.5 33 12.9 79 20.9 120.0 31.4 121.0 83.1 1.67 0.984 9.7
17 MR 61 M 24.0 79 15.6 96 26.8 115.0 30.8 92.5 85.1 2.32 1.298 43.6
18 OMI 74 M 22.0 28 13.1 80 20.2 71.7 30.1 86.8 64.7 1.98 1.256 137.0
19 s/p CABG, HT 68 M 20.6 31 9.9 59 16.8 41.7 29.8 78.2 82.9 1.21 0.762 41.0
20 HHD 74 F 20.8 26 10.5 62 17.0 68.3 28.6 114.2 76.2 1.69 0.721 46.3
21 AV block, AFL 67 M 24.5 65 14.8 91 24.4 118.3 31.1 104.4 65.6 1.91 1.317 87.4
22 HT, AFib 75 M 28.1 34 12.4 76 19.8 100.0 21.8 102.8 81.0 2.74 1.118 261.0
23 SSS 76 F 28.8 58 12.3 73 20.5 50.0 35.8 112.3 80.8 2.15 0.945 24.8
24 HHD 68 M 17.4 36 20.3 124 31.5 116.7 28.6 121.6 83.9 2.02 1.578 176.0
25 s/p CABG, HHD 70 M 21.2 31 13.3 81 21.0 88.3 38.6 96.5 75.8 1.94 1.276 7.8
26 AFib, OMI 78 M 24.3 29 13.4 81 22.9 91.7 23.6 77.5 63.7 1.96 1.010 89.5
27 HHD, AFib 77 F 17.8 28 10.6 63 18.9 40.0 38.1 85.0 72.1 1.08 0.468 3.0
28 HHD 67 F 24.8 32 14.3 87 23.4 73.3 32.1 75.7 88.4 1.17 0.646 13.9
29 HHD 70 F 20.0 35 15.3 92 25.0 71.7 30.3 66.5 70.5 1.20 0.725 31.3
30 OMI 82 M 27.8 28 10.3 62 17.0 81.7 31.6 107.0 77.5 2.04 1.125 28.8
31 HHD 64 M 26.7 33 16.0 98 26.1 135.0 24.2 99.0 78.0 2.71 1.429 171.0
32 SSS 79 M 23.5 46 15.4 93 25.0 108.3 31.0 118.9 81.1 2.34 1.429 113.0
33 HHD 78 M 23.6 31 16.3 99 24.9 95.0 29.7 97.0 62.3 1.97 1.356 53.3
34 HHD 73 M 21.8 33 13.9 85 23.0 96.7 28.4 93.7 78.7 1.86 1.156 174.0
35 AV block 76 M 29.0 78 13.0 79 21.0 106.7 26.1 93.1 75.8 2.47 1.280 104.0
36 AFib 75 F 22.2 52 11.8 70 19.2 61.7 30.8 100.2 81.5 1.35 0.817 56.6
37 HHD 77 F 21.7 31 11.0 71 18.0 81.7 38.6 115.1 80.8 1.95 0.787 32.7
38 OMI 64 F 28.0 26 12.8 81 20.9 78.3 28.1 96.6 93.2 1.70 0.845 62.5
Mean 68.8 23.7 40.2 14.1 86.4 23.0 88.4 30.1 98.5 77.6 1.94 1.099 81.5
S.D. 10.3 3.8 14.7 2.5 15.0 3.9 25.6 4.4 18.3 8.3 0.58 0.300 74.8
HT: hypertension; HHD: hypertensive heart disease; CABG: coronary arterial bypass graft; AVR: aortic valve replacement; OMI: old myocardial infarction; MVP: mitral valve prolapse;
ASD: atrial septal defect; AFib: atrial ﬁbrillation; MR: mitral regurgitation; AFL: atrial ﬂutter; SSS: sick sinus syndrome; M: male; F: female; EF: ejection fraction; AT: anaerobic
threshold; V˙E/V˙O2: V˙E vs. V˙O2 slope; IC: inspiratory capacity; TV: tidal volume; RR: respiratory rate; S.D.: standard deviation.
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Clinical data of enrolled subjects are shown in
Table 1. Patients with acute phase of myocardial
infarction or open heart surgery were excluded.
This study was approved by the ethics commit-
tee of Gunma Prefectural Cardiovascular Center.
Written informed consent was obtained from all
patients.
Exercise testing
Exercise tolerance was measured by cardiopul-
monary exercise test using a ramp protocol. Ramp
protocol starts 3min at rest on ergometer, followed
by 3min unloaded exercise, and an incremental
exercise at 10W/min until exhaustion as usual
[4]. Respiratory ﬂow was measured by breath-by-
breath method using gas analyzer (MINATO AE300S,
Minato Ikagaku, Osaka, Japan). Anaerobic thresh-
old was determined by V-slope method [5]. Oxygen
uptake at peak exercise was regarded as peak
V˙O2. V˙E vs. V˙CO2 slope was determined by lin-
ear regression analysis [6,7]. Anaerobic threshold
and V˙E vs. V˙CO2 slope were regarded as indices
of exercise tolerance and severity of heart failure
[4,8,9].
TV vs. RR relationship was calculated using a
graph of TV as a function of RR (Figs. 1 and 2).
TV and RR related almost linearly during exercise
until moderate work intensity. Then, this linearity
broke down abruptly followed by nearly horizontal
line. Usually, this inﬂection point is between anaer-
obic threshold and respiratory compensation point.
We selected the earlier portion below the inﬂection
point for evaluating a TV vs. RR relationship. We
n
t
t
Figure 2 Example of improvement of TV vs. RR relationship.
in this study). As the peak V˙O2 improves, pattern of TV vs. RRS. Akaishi et al.
easured TV/RR slope by linear regression analysis
s an index of rapidness of breathing during exer-
ise. As well, we evaluated the value of TV after the
nﬂection point. TV at plateau was calculated using
linear regression analysis. Its range of interest was
rom the inﬂection point until the peak exercise. A
alue of tidal ventilation at the point of intersec-
ion of these two lines was manually determined
nd regarded as TV at plateau. We regarded this TV
t plateau as an index of shallowness of ventilation.
s for the inter- and intraobserver variation, intr-
class correlation coefﬁcient () of TV at plateau
as 0.924 (p < 0.001) and 0.909 (p < 0.001). That is,
his method to determine the TV at plateau had
nly a small unevenness and seemed to be reli-
ble.
Although there is no paper that has shown TV/RR
lope numerically, from a graph in a described
aper, we can evaluate its value. Yokoyama et al.
1] showed that TV/RR slope of normal subjects,
eart failure patients without shortness of breath
peak V˙O2 19.5± 0.9mL/min/kg), and with short-
ess of breath (peak V˙O2 19.0± 0.5mL/min/kg)
ere 78, 65, and 45, respectively. Similarly,
imopoulou et al. [10] reported that TV/RR slope
aried from 10 in heart failure patients (peak V˙O2:
2± 3mL/min/kg) to 120 in normal subjects (peak
O2: 17± 5mL/min/kg). Our average data of TV/RR
lope was 81.5± 74.8 ranging from 3.0 to 316.0.
herefore, subjects in this study seem to cover from
ormal to relatively severe heart failing status from
he point of TV/RR slope.
As for the TV at plateau, Witte et al. showed that
idal volume at the inﬂection point of normal sub-
This is a sample of heart failure subjects (not included
relationship changes.
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ects and heart failure patients (NYHA II—III, peak
˙O2: 19.7mL/min/kg) was 2.2± 0.6 and 1.6± 0.3 L,
espectively [2]. Yokoyama et al. showed 1.6 L in
ormals and 1.3 L in heart failure patients. We
howed 1.099± 0.300 L as an average value. There-
ore, as for the TV at plateau, subjects enrolled
o our study were evaluated as mild-to-moderate
eart failure status.
ulmonary function testulmonary function test was measured at rest using
inato system 9 auto spirometer (Minato Ikagaku).
nspiratory capacity, which is an indicator of chest
xpansion, was measured as usual.
1
a
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w
igure 4 Relationship between TV at plateau and inspiratoryR slope and exercise tolerance.
tatistical analysis
ata are expressed asmean± S.D. Correlation coef-
cient was calculated to evaluate the relationship
etween each parameter.
esults
ll patients performed cardiopulmonary exercise
est until exhaustion without any complications.
ean anaerobic threshold and the peak V˙O were2
4.1± 2.5 and 23.0± 3.9mL/min/kg (86.4± 15.0%
nd 88.4± 25.6% of age- and gender-matched con-
rols, respectively). The average V˙E vs. V˙CO2 slope
as 30.1± 4.4.
capacity (left panel), and TV/RR slope (right panel).
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Correlation between TV/RR slope and exercise
tolerance is shown in Fig. 3. There was mild cor-
relation between them (with anaerobic threshold,
r = 0.317; peak V˙O2, r = 0.302; V˙E vs. V˙CO2 slope,
r =−0.528).
As for the shallowness of the breathing, the
relationship with chest expansion during exercise
is illustrated in Fig. 4 (left panel). TV at plateau
was strongly correlated with inspiratory capacity
(r = 0.641). TV at plateau was also mildly corre-
lated with anaerobic threshold (r = 0.594), peak V˙O2
(r = 0.550), and V˙E vs. V˙CO2 slope (r =−0.390) as
shown in Fig. 5.
The relationship between the rapidness and shal-
lowness of breathing during exercise is shown in
Fig. 4 (right panel). They were positively correlated
(r = 0.647).
Discussion
The present study clariﬁed the relationship
between ventilation mode and exercise tolerance.
There are some previous papers concerning the
rapid and shallow ventilation mode in chronic heart
failure [2,3,11]. However, there was no paper
describing the correlation between exercise toler-
ance and abnormal ventilation mode. Therefore,
this is the ﬁrst paper describing the correlation
coefﬁcient between rapidness or shallowness and
exercise tolerance. Also, this paper ﬁrst revealed
the close relationship between chest expansion at
rest and shallow breathing during exercise.
There are many reports describing the aug-
mented increase in V˙E during exercise in chronic
heart failure patients [2,3,6,11]. This increase in
t
s
t
p
fplateau and exercise tolerance.
E is expressed as an augmentation of V˙E rel-
tive to the increase of carbon dioxide output
V˙CO2), known as a V˙E vs. V˙CO2 slope. Steepness of
E vs. V˙CO2 slope is regarded as a good indicator of
mpaired exercise tolerance [6,12], abnormal mor-
ality [4,8,9], and increased symptoms. However,
lthough V˙E vs. V˙CO2 slope is a well-established
ndicator of exercise hyperpnea, and although an
ncreased V˙E is mostly consisted of augmented RR
s compared with TV [13], it is still difﬁcult to eval-
ate the rapidness and shallowness of ventilation
uring exercise from V˙E vs. V˙CO2 slope.
Yokoyama et al. plotted the slope relating TV to
R in chronic heart failure and this slope was set
s an index of rapidness of ventilatory mode [1].
n addition, they showed that there was a point on
he TV/RR slope at which RR started to increase to
V. Although not necessarily this point appears as
n inﬂection point [10], in almost all the subjects,
V reaches a plateau and constant at the maximal
nd the highest value resulting in an increase in
R in order to multiply the V˙E. The value of TV at
lateau is an indicator of shallowness of ventilation
uring exercise. Therefore, we used TV/RR slope as
n index of rapidness and TV at plateau as an index
f shallowness of breathing during exercise.
In this study, it was shown that TV/RR slope cor-
elated weakly with exercise tolerance. We are not
ble to clarify the mechanism to enhance the fre-
uency of RR in patients with impaired exercise
olerance from this study. However, it is speculated
hat increased ergoreﬂex [14] due to diminished
keletal muscle bulk [15] in these subjects facili-
ates the frequency of RR. As well, hypersensitized
eripheral and/or central chemoreceptor, which is
requently seen in subjects with impaired exercise
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[Relationship between exercise tolerance and TV vs
olerance, also stimulates the frequency of breath-
ng [16]. Correlation coefﬁcient between TV/RR
lope and exercise tolerance was weak in this study.
his may result from the fact that exercise toler-
nce is regulated by multiple factors.
This paper also clariﬁed a positive relationship
etween the depth of breathing and exercise tol-
rance. That is, we have demonstrated that TV at
lateau is smaller as subjects’ exercise tolerance is
ower. Also, we showed that shallowness of breath-
ng is highly correlated with inspiratory capacity.
hese results suggest that lower TV during exercise
s deeply related to diminished chest expansion.
hallow breathing has been reported to appear
hen inspiratory muscle fatigue occurs, and this
espiration is reported to minimize the respiratory
ensation [17]. Also, increased lung stiffness due
o pulmonary congestion induces shallow breathing
18]. These two mechanisms seem to account for
he shallow breathing in this study since respira-
ory muscle weakness [19] and increased pulmonary
edge pressure during exercise [3] are common in
hronic heart failure, though subjects are not nec-
ssarily the heart failure patients in this study.
In conclusion, it is revealed that both rapid
reathing and shallow breathing are related to
mpaired exercise tolerance. Also, these two abnor-
alities are strongly correlated with each other,
nd shallow breathing is determined by the ability
f chest expansion.
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